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Previous  work  demonstrated  significant  changes  in  cellular  membranes  following  exposure  of  cells  to 
nanosecond  pulsed  electric  fields  (nsPEF),  including  nanoporation  and  increases  in  intracellular  calcium 
concentration.  While  it  is  known  that  nsPEF  exposure  can  cause  cell  death,  how  cells  repair  and  survive 
nsPEF-induced  cellular  damage  is  not  well  understood.  In  this  paper,  we  investigated  whether  autophagy 
is  stimulated  following  nsPEF  exposure  to  repair  damaged  membranes,  proteins,  and/or  organelles  in  a 
pro-survival  response.  We  hypothesized  that  autophagy  is  activated  to  repair  nsPEF-induced  plasma 
membrane  damage  and  overwhelming  this  compensatory  mechanism  results  in  cell  death.  Activation  of 
autophagy  and  subsequent  cell  death  pathways  were  assessed  measuring  toxicity,  gene  and  protein 
expression  of  autophagy  markers,  and  by  monitoring  autophagosome  formation  and  maturation  using 
fluorescent  microscopy.  Results  show  that  autophagy  is  activated  at  subtoxic  nsPEF  doses,  as  a 
compensatory  mechanism  to  repair  membrane  damage.  However,  prolonged  exposure  results  in 
increased  cell  death  and  a  concomitant  decrease  in  autophagic  markers.  These  results  suggest  that  cells 
take  an  active  role  in  membrane  repair,  through  autophagy,  following  exposure  to  nsPEF. 

©  2015  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

Exposure  of  cells  to  nanosecond  pulsed  electric  fields  (nsPEF) 
leads  to  the  formation  of  plasma  membrane  pores  approximately 
1-2  nm  in  diameter,  referred  to  as  nanopores  [1-3].  Nanopores 
allow  the  passage  of  small  ions  through  the  plasma  membrane  and 
can  contribute  to  cell  death  mechanisms  [4].  In  addition  to  nano¬ 
poration,  exposure  to  nsPEF  results  in  damage  to  cellular  structures 
including  the  plasma  membrane,  cytoskeleton,  and  organelle 
membranes  [5-7].  Such  damage  can  lead  to  the  activation  of  cell 
death  pathways  [7,8]. 

Autophagy  is  a  cellular  process  that  is  activated  as  an  adaptive 
response  to  a  number  of  extracellular  and  intracellular  stresses, 
including  cellular  membrane  damage.  Importantly,  the  activation  of 
autophagy  allows  cells  to  reclaim  critical  amino  acids  and  other 
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metabolic  building  blocks,  such  as  energy  producing  components 
from  damaged  organelles  and  membranes  by  delivering  them  to 
the  lysosome  for  degradation  and  repurposing.  While  the  initial 
objective  of  autophagy  is  cell  survival  and  repair,  autophagy  may 
also  facilitate  an  organized  cell  death  [9].  Recent  studies  suggest 
autophagy  may  be  activated  in  response  to  noninvasive  radio¬ 
frequency  (RF)  treatment  of  tumors  [6,10—12].  However,  extensive 
studies  to  determine  the  relationship  between  nsPEF  exposure  and 
autophagic  mechanisms  have  not  been  performed. 

In  this  study,  we  aim  to  establish  the  link  between  nsPEF 
exposure  and  the  temporal  activation  of  autophagy  by  varying  the 
duration  of  nsPEF  exposure  (i.e.,  number  of  pulses)  and  measuring 
cellular  effects  over  time.  Activation  of  autophagy  and  subsequent 
cell  death  pathways  are  assessed  by  examining  the  cellular 
response  to  nsPEF  exposure,  including  measuring  toxicity  markers, 
gene  and  protein  expression  of  autophagy  markers,  and  immuno- 
fluorescent  tracing  of  autophagosome  formation  and  maturation. 
We  hypothesize  that  autophagy  is  activated  to  repair  nsPEF- 
induced  plasma  membrane  damage  (Fig.  lA).  We  postulate  that 
when  cellular  damage  is  over  a  certain  nsPEF  exposure  threshold, 
cell  death  ensues.  Therefore,  we  hypothesize  that  continual 
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Fig.  1.  Changes  in  p62  gene  expression  levels  following  nsPEF  exposure  and  relationship  to  cell  death.  (A)  Simplified  model  of  the  hypothesis  tested  within  this  manuscript,  which 
addresses  the  activation  of  autophagy  in  response  to  nsPEF  exposure.  (B)  Alteration  in  sequestome  1  (SQSTMl  or  p62)  gene  expression  in  U937  by  microarray  analysis  at  4  h  post 
nsPEF  exposure.  Cells  were  pulsed  at  150  kv/cm  for  100  pulses  and  compared  to  sham  (untreated)  cells.  (C)  Consistent  with  microarray  results,  we  observe  an  increase  in  p62  gene 
expression  at  low  pulse  numbers  (50  and  100)  in  U937  cells.  (D)  The  increase  in  p62  does  not  appear  to  be  cell-type  specific,  as  we  observe  a  similar  increase  in  gene  expression  in 
CHO-Kl  cells.  (E)  Cell  survival  was  assessed  by  MTT  cell  viability  assay,  for  comparison  to  expression  data. 


exposure  to  nsPEF  results  in  cell  death  by  overwhelming  this 
compensatory  mechanism. 

2.  Materials  and  methods 

2.1.  Cell  culture  and  10  nsEP  exposure 

U937  human  monocyte  and  Chinese  Hamster  Ovarian-Kl  (CHO- 
Kl)  cell  lines  were  obtained  from  ATCC  (Manassas,  VA).  U937 
monocytes  were  cultured  in  RPMl-1640  medium  supplemented 
with  10%  fetal  bovine  serum,  2  mM  i-glutamine,  and  lOOU/mL 
penicillin/streptomycin.  CHO-Kl  cells  were  cultured  in  F12K  me¬ 
dium  supplemented  with  10%  fetal  bovine  serum,  2  mM  r-gluta- 
mine,  and  100  U/mL  penicillin/streptomycin  at  37  °C  with  5%  CO2  in 
air.  The  media  and  its  components  were  purchased  from  ATCC 
(Manassas,  VA). 

Cells  were  exposed  to  10  nsPEF  as  described  previously  [13]. 
U937  cells  were  centrifuged  and  re-suspended  in  fresh  medium  at  a 
density  of  1200  cells/pL.  CHO-Kl  cells  were  removed  from  the 
culture  dish  with  0.25%  Trypsin-EDTA  (ATCC)  and  suspended  in 
fresh,  serum  free  F12K  medium  at  a  density  of  1200  cells/pL  Cells 
(140  pL)  were  exposed  to  10  ns  pulses  in  a  conventional  electro¬ 
poration  cuvette  with  a  1-mm  gap  (BioSmith  Biotech,  San  Diego, 
CA)  for  50  to  600  pulses  at  an  amplitude  of  150  kV/cm  and  a  1  Hz 
repetition  rate.  Nearly  rectangular  pulses  of  10-ns  width  were 
produced  by  a  Blumlein  line  generator.  To  produce  nsEP,  the 


Blumlein  line  was  charged  from  a  high-voltage  DC  power  supply 
(Classman  High  Voltage  Inc,  High  Bridge,  NJ)  until  a  breakdown 
voltage  was  reached  across  a  spark  gap  in  a  pressurized  switch 
chamber.  The  breakdown  voltage  was  varied  from  15  to  25  kV  by 
changing  the  pressure  of  SFe  gas  in  the  switch  chamber.  The 
amplitude,  number  of  pulses,  and  pulse  shape  of  nsEP  delivered  to 
the  sample  were  continuously  monitored  on  a  2.5  GHz  digital 
oscilloscope  (DS09254A,  Agilent  Technologies,  Cedar  Creek,  TX)  via 
a  custom-made  high-voltage  probe.  All  exposures  were  performed 
at  room  temperature. 

2.2.  MTT  cell  viability  assay 

At  24  h  post-exposure,  cell  survival  was  assessed  using  an  MTT 
Cell  Proliferation  Assay  (3-(4,  5-Dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium  bromide,  (ATCC,  Manassas,  VA)  according  to 
the  manufacturer's  protocol.  Briefly,  30  pL  of  exposed  cells  were 
aseptically  aliquoted  to  96-well  dishes  in  triplicate  to  wells  con¬ 
taining  70  pL  of  fresh  media,  and  incubated  at  37  °C  for  24  h. 
Following  incubation,  10  pL  MTT  reagent  was  added  and  returned  to 
a  37  °C  incubator  for  2  h  until  precipitate  was  visible.  100  pL  of 
detergent  was  added  to  each  well,  and  the  plate  was  stored  in  the 
dark  at  room  temperature  overnight.  The  following  day,  absorbance 
was  measured  at  570  nm  with  a  Synergy  HT  Microplate  Reader 
(BioTEK,  Winooski,  VT),  and  the  readings  were  normalized  to  un¬ 
treated  controls. 
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23.  Microarray  and  microarray  data  analysis 

Expression  analysis  was  performed  for  each  time  point  in  trip¬ 
licate  (three  control  and  three  nsEP  exposed)  using  the  Affymetrix 
GeneChip®  Human  Genome  U133  (HG-U133)  plus  2.0  Array  that 
contains  54,675  probe  sets.  Briefly,  two  micrograms  of  RNA  were 
used  for  preparation  of  biotin-labeled  targets  (cRNA)  using  Mes- 
sageAmp™-based  protocols  (Ambion,  Inc.,  Austin,  TX).  Labeled 
cRNA  was  fragmented  (0.5  pg/iiL  per  reaction)  and  was  used  for 
array  hybridization  and  washing.  The  cRNA  was  mixed  with  a  hy¬ 
bridization  cocktail,  heated  to  99  °C  for  5  min  and  then  incubated  at 
45  °C  for  5  min.  Hybridization  arrays  were  conducted  for  16  h  in  an 
Affymetrix  Model  640  hybridization  oven  (45  °C,  60  rpm).  Arrays 
were  washed  and  stained  on  an  ES450  Eluidics  station  and  were 
scanned  on  a  GeneChip®  Scanner  3000  7G.  Image  signal  data, 
detection  calls  and  annotations  were  generated  for  every  gene  us¬ 
ing  the  Affymetrix  Statistical  Algorithm  MAS  5.0  (GeneChip® 
Operating  Software  vl.3).  A  log2  transformation  was  conducted  and 
a  Student's  t-test  was  performed  for  comparison  of  the  two  groups 
(control  and  nsEP  exposed).  We  conducted  multiple  testing  cor¬ 
rection— Benjamini  and  Hochberg— to  determine  the  false  discov¬ 
ery  rate,  and  statistical  signiflcant  genes  were  identifled  using 
Bonferroni  correction  procedures  (-loglO  pcutoff  >  6.04). 

Eor  interpretation  of  the  results,  the  Ingenuity  Pathways  Anal¬ 
ysis  tool  (IPA  version  8.7,  Ingenuity®  Systems  Inc.,  Redwood  City, 
CA;  www.qiagen.com/ingenuity)  was  used.  IPA  is  a  web-based 
software  application,  which  enables  Altering  and  dataset  compar¬ 
isons,  to  identify  biological  mechanisms,  pathways,  and  functions 
most  relevant  to  experimental  datasets  or  differentially  expressed 
genes.  The  cut-off  criteria  for  our  IPA  analysis  were:  an  absolute 
value  of  log2  ratio  >1.95  and  a  p-value  <0.05.  Other  web-based 
resources,  such  as  the  GeneCards  Human  Gene  Database,  the 
HUGO  Gene  Nomenclature  Committee  (HGNC),  and  Gene  Ontology 
were  also  used  to  further  supplement  the  analysis. 

2.4.  Quantitative  RT-PCR 

At  4  and  16  h  post-exposure,  mRNA  was  isolated  from  pulsed 
and  sham  cells  using  the  RNeasy  RNA  Collection  Kit  (Qiagen, 
Valencia,  CA),  following  the  manufacturer's  instructions.  RNA 
concentration  was  measured  on  a  NanoDrop  spectrophotometer 
(NanoDrop  Technologies,  Wilmington,  DE).  Total  RNA  (1  pg)  was 
used  in  each  reverse  transcription  reaction  with  the  Verso  cDNA  kit, 
according  to  manufacturer's  instructions  (Thermo  Scientiflc,  Rock¬ 
ford,  IL).  One-tenth  of  each  reaction  volume  (2  pi)  was  used  per  well 
in  subsequent  real  time  PCR  analysis  using  TaqMan®  Gene 
Expression  Master  Mix  Kit  (Applied  Biosystems,  Eoster  City,  CA). 
Real  time  reactions  were  performed  using  a  StepOnePlus  Real  Time 
PCR  System  running  StepOne  Software  v2.1  (Applied  Biosystems). 
Standard  curves  were  generated  by  the  ampliflcation  of  target  se¬ 
quences  that  were  previously  cloned  into  pGEM-T  (Promega, 
Madison,  Wl),  in  a  dilution  series  from  10“^  to  10“®  fmol/well. 

2.5.  Western  blotting 

Eor  total  protein  extraction,  cell  pellets  were  solubilized  in  cold 
TNE  lysis  buffer  (50  mM  Tris-HCl  -  pH  7.4, 100  mM  NaCl,  0.1  mM 
EDTA)  containing  protease  inhibitors  (Sigma- Aldrich,  St.  Louis, 
MO).  Protein  lysates  were  cleared  by  centrifugation  and  stored 
at  -20  °C.  Protein  concentrations  were  determined  using  a  Brad¬ 
ford  protein  assay  (Bio-Rad,  Hercules,  CA).  Eor  Western  blotting, 
equal  amounts  of  protein  were  resolved  by  electrophoresis  on  a 
4-20%  SDS-PAGE  gel,  transferred  onto  0.2-pm  PVDE  membrane, 
and  incubated  in  blocking  buffer  prior  to  the  addition  of  primary 
antibodies.  Eollowing  incubation  with  primary  and  secondary 


antibodies,  luminol-based  detection  was  performed  using  the 
SuperSignal  West  Dura  Extended  Duration  Substrate  Kit  (Thermo 
Scientiflc).  Primary  and  secondary  antibodies  were  obtained  from 
the  following  sources:  p62  (Abeam,  Cambridge,  MA),  beclin,  Atg5, 
Atgl2,  LC3A/B-1,  LC3A/B-11  (Cell  Signaling,  Danvers,  MA);  goat  anti- 
rabbit-  and  goat  anti-mouse-  IgG  HRP  (EMD  Millipore,  Temecula, 
CA). 

2.6.  Baculoviral  transduction 

CHO-Kl  cells  were  transduced  with  Premo™  Autophagy  Sen¬ 
sors  LC3B-GPP  and  p62-RPP  using  BacMam  2.0  technology  ac¬ 
cording  to  manufacturer's  instructions  (Molecular  Probes  Inc., 
Eugene,  OR).  Briefly,  cells  were  collected  and  diluted  to  a  Anal 
concentration  of  4  x  10^  cells  in  2  mL  of  complete  medium  in  T25 
culture  flasks  (Ealcon,  Eisher  Scientiflc,  Houston,  TX).  To  each  sus¬ 
pension  120  |il  of  LC3B-GEP  and  p62-REP  reagent  was  added  and 
cells  were  incubated  at  37  °C  for  24  h.  Eollowing  transduction,  cells 
were  trypsinized  and  resuspended  in  complete  medium  at  a  Anal 
concentration  of  1200  cells/pL  and  pulsed  as  described  above.  After 
pulsing,  140  |iL  of  cells  were  then  added  to  2  mL  of  complete  me¬ 
dium  in  a  poly-D-lysine  coated  glass  bottomed  dish  (MatTek  Corp, 
Ashland,  MA).  Eollowing  a  16  h  recovery  period,  we  examined 
immunofluorescence  using  a  Zeiss  710-LSM  confocal  microscope 
(Carl  Zeiss  Microimaging,  Thornwood,  NY)  and  Zen  9.0  imaging 
software  (Carl  Zeiss  Microimaging,  Thornwood,  NY),  as  previously 
described  [13]. 

2.7.  Cyto-ID®  immunostaining 

In  order  to  visualize  autophagic  vesicle  formation  in  live  cells, 
U937  cells  or  CHO-Kl  cells  were  exposed  to  nsPEE  as  described 
above,  plated  in  glass-bottomed  dishes  (MatTek  Corp,  Ashland, 
MA),  and  incubated  at  37  °C  for  18  h.  Cells  were  rinsed  twice  with 
IX  phosphate  buffered  saline  (PBS)  and  immunostained  with  Cyto- 
ID®  Autophagy  Detection  reagent  (Enzo  Life  Sciences,  Earmingdale, 
NY)  for  30  min  at  37  °C.  Eollowing  exposure,  cells  were  rinsed  twice 
more  in  IX  PBS  and  imaged  as  described  above. 

3.  Results  and  discussion 

3.1.  Autophagy  gene  expression 

Microarray  studies  were  used  to  deflne  global  gene  expression 
changes  following  nsPEE  exposure  in  U937  cells.  In  combination 
with  gene  ontology,  microarray  studies  were  designed  to  identify 
specifle  pathways  that  may  be  affected  by  nsPEE  exposure, 
including  autophagy.  Results  show  the  up-  or  down-regulation  of 
335  genes  of  interest  (data  not  shown).  Among  these,  sequestome  1 
(SQSTMl  or  p62)  was  increased  by  over  3-fold  when  exposed  to  10 
nsPEE  (150  kv/cm,  100  pulses)  (Eig.  IB).  Previous  studies  have 
shown  that  p62  is  upregulated  in  response  to  increased  cellular 
damage  [14].  Speciflcally,  p62  functions  as  an  essential  cargo 
adapter  protein  by  binding  ubiquitinylated,  damaged  cellular  pro¬ 
tein  aggregates  and  mediating  their  autophagic  degradation 
(Pig.  lA)  [15-19]. 

In  order  to  validate  microarray  data  and  pursue  studies  of 
nsPEP-induced  autophagy,  changes  in  p62  gene  expression  were 
analyzed  by  RT-PCR.  Consistent  with  microarray  data,  there  is  an 
up-regulation  of  p62  expression  at  50  and  100  pulses  in  U937  cells 
(Pig.  1C).  However,  p62  levels  are  not  increased  at  higher  pulse 
numbers  in  exposed  U937  cells  (Pig.  1C).  p62  levels  are  also 
increased  in  CHO-Kl  cells  following  50  and  100  pulses  (Pig.  ID).  In 
contrast  to  U937  cells,  elevated  p62  is  maintained  at  higher  pulse 
numbers  (Pig.  ID).  Cell  survival  curves  are  shown  to  compare  p62 
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upregulation  to  cell  death  (Fig.  IE).  Results  show  a  peak  in  p62  gene 
expression  at  100  pulses  for  both  U937  cells  and  CHO-Kl  cells, 
which  correlates  to  low  levels  of  cellular  toxicity,  as  measured  by 
MTT  cell  viability  (Fig.  1C— E). 

3.2.  p62  and  LC3B  are  recruited  to  autophagosomes  following  nsPEF 
exposure 

One  of  the  earliest  events  of  autophagy  is  the  recruitment  of  p62 
and  LC3B  to  sites  of  autophagosome  formation  (Fig.  lA).  Since  we 
observe  an  elevation  in  p62  gene  expression,  we  studied  the  for¬ 
mation  of  autophagosomes  using  the  BacMam  2.0  viral  trans¬ 
duction  system  to  specifically  label  LC3B  and  p62  with  GFP  and  REP, 
respectively.  U937  cells  are  resistant  to  viral  transduction  due  to 
their  hematopoietic  origin  [20];  therefore,  CHO-Kl  cells  were  used 
for  this  experiment.  In  non-stimulated  (negative  control)  cells,  the 
LC3B-GFP  and  p62-RFP  immunostaining  is  diffuse  (i.e.. 


cytoplasmic),  consistent  with  a  lack  of  organized  and  active  auto¬ 
phagosomes  (Fig.  2,  top  row).  However,  with  increased  number  of 
pulses,  the  LC3B-GFP  and  p62-RFP  immunostaining  becomes 
punctate  and  the  colocalization  becomes  more  pronounced  with 
increasing  pulse  number  (Fig.  2,  rows  2-4).  Importantly,  the 
colocalization  of  LC3B-GFP  and  p62-RFP  immunofluorescence 
suggests  the  recruitment  of  both  proteins  to  developing  autopha¬ 
gosomes.  Chloroquine  diphosphate  (CQ),  an  inhibitor  of  late-stage 
autophagosome-lysosome  fusion  (leading  to  the  accumulation  of 
autophagosomes),  is  included  as  a  positive  control  for  autophagy 
induction  (Fig.  2,  bottom  row). 

3.3.  Cyto-ID  immunofluorecence 

As  the  autophagic  process  develops,  autophagosomes  fuse  with 
lysosomes  to  deliver  their  cargo  for  degradation  (Fig.  lA).  We  uti¬ 
lized  Cyto-ID®  immunostaining  to  determine  if  nsPEF  exposure 


Die  GFP-LC3B  RFP-p62  Merge 


Fig.  2.  nsPEF  exposure  induces  LC3B  and  p62  recruitment  to  maturing  autophagosomes.  Unexposed  ceils  maintain  disperse  (i.e.  cytosolic)  distribution  (top  row).  As  the  number  of 
nsPEF  pulses  increases,  the  increased  fluorescence  and  colocalization  of  LC3B-GFP  and  p62-RFP  suggests  formation  and  maturation  of  autophagic  vacuoles  following  nsPEF  exposure 
(rows  2,  3,  and  4).  100  pM  chloroquine  (CQ)  is  included  as  a  positive  control  (bottom  row). 
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results  in  mature  autolysosome  formation.  The  Cyto-ID®  dye 
selectively  labels  autophagic  vacuoles,  allowing  monitoring  of 
autophagic  flux  in  live  cells  [21].  We  begin  to  observe  Cyto-ID® 
staining  of  autophagic  vesicles  in  U937  cells  at  50  pulses  and 
immunofluorescence  gradually  increases  at  100  pulses  (Fig.  3). 
Exposure  of  cells  to  200  pulses  results  in  a  slight  decrease  in  Cyto- 
ID®  immunofluorescence  in  U937  cells  (Fig.  3).  The  same  trend  is 
observed  in  pulsed  CHO-Kl  cells  with  a  maximum  Cyto-ID® 
immunofluorescence  achieved  at  200  pulses  (Fig.  3).  The  mTOR 
inhibitor  rapamycin  was  used  as  a  positive  control  (Fig.  3,  bottom 
row). 

Importantly,  Cyto-ID®  immunostaining  correlates  to  nsPEF 
toxicity.  Speciflcally,  Cyto-ID®  immunostaining  is  highest  at  sub- 
lethal  nsPEF  exposures  (Fig.  IE).  Furthermore,  the  observed 
decrease  in  Cyto-lD®-stained  vesicles  occurs  concurrently  with 
increases  in  propidium  iodide  (PI)  uptake  and  Annexin  V-FITC 


fluorescence  (data  not  shown),  indicating  less  autophagy  in 
apoptotic  cells.  Taken  together,  these  results  suggest  a  switch  from 
autophagic  repair  to  autophagy-driven  apoptosis  with  prolonged 
exposure  to  nsPEF. 

3 A.  nsPEF  activates  early,  mid,  and  late  stage  autophagy 

In  order  to  obtain  a  comprehensive  view  of  the  relationship 
between  nsPEF  exposure  and  autophagy  activation,  we  examined 
protein  expression  of  autophagy  markers  in  response  to  pulsing. 
Beclin,  an  early  marker  of  autophagy  that  is  involved  in  phagopore 
formation,  is  increased  at  50  and  100  pulses  post-exposure  in  U937 
and  CHO-Kl  cells  (Fig.  4).  Atg5  and  Atgl2,  which  bind  together  to 
form  a  complex  during  phagopore  maturation,  are  also  up- 
regulated  at  a  low  pulse  number  in  U937  and  CHO-Kl  cells, 
although  the  response  is  stronger  in  CHO-Kl  cells.  Both  cell  lines 


U937 


CHO-Kl 


Die  Cyto-ID® 


Die  Cyto-ID® 


Fig.  3.  Cyto-ID®  immunofluorescence  increases  with  prolonged  nsPEF  exposure,  indicating  activation  of  autophagy.  Maximum  Cyto-ID®  staining  is  observed  following  100  pulses 
(i.e.,  subtoxic  exposure)  in  both  U937  (left  two  columns)  and  CHO-Kl  (right  two  columns).  1  mM  rapamycin  (rap)  is  included  as  a  positive  control  (bottom  row). 
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exposure  increase.  Studies  are  currently  in  progress  to  address 
further  the  temporal  activation  and  participation  of  these  intracel¬ 
lular  mechanisms  during  nsPEF  exposure. 
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Fig.  4.  nsPEF  exposure  induces  changes  in  protein  expression  of  various  autophagy 
markers  that  are  dependent  on  number  of  pulses.  Results  show  Western  blots  of  (A) 
U937  or  (B)  CHO-Kl  cell  lysates  at  various  pulse  numbers  (0-400)  at  4-h  post¬ 
exposure.  While  the  absolute  expression  of  each  marker  varies,  an  overall  trend  is 
observed  where  the  intensity  of  protein  expression  increases  from  0  to  100  pulses, 
then  drops  dramatically  with  higher  pulse  number  (>200  pulses). 

exhibit  increased  Atg5-Atgl2  complex,  consistent  with  an  early 
response  to  nsPEF  (Fig.  4).  As  discussed  above,  LC3B  is  involved  in 
the  formation  of  autophagosomes.  Importantly,  LC3B  isoform  1 
undergoes  post-translational  modification  to  an  active  LC3B  iso¬ 
form  11,  which  can  associate  with  autophagic  vesicles  [22]. 
Accordingly,  we  observe  a  decrease  in  LC3B-1  and  a  concomitant 
increase  in  LC3B-11  with  increasing  pulse  numbers,  indicating 
activation  of  LC3B  with  nsPEF  exposure  (Fig.  4). 

The  absence  of  markers  at  higher  pulse  exposures  suggests  that 
autophagic  membrane  repair  is  not  occurring  under  these  condi¬ 
tions.  One  possible  explanation  for  this  observation  is  that  longer 
exposures  create  extensive  membrane  damage  that  is  beyond  the 
cell's  capacity  to  repair.  This  is  evidenced  by  increased  cell  death  at 
longer  exposures  (Fig.  IE).  Supporting  this  explanation,  p62  is 
downregulated  at  higher  exposures  (Fig.  IC-D).  Thus,  the  combi¬ 
nation  of  gene  and  protein  expression  data  in  concert  with 
immunofluorescence  establishes  a  timeline  of  autophagy,  which  is 
initially  activated  to  repair  nsPEF-induced  damaged  but  becomes 
part  of  the  mechanism  of  cell  death. 


4.  Summary 

The  objective  of  the  current  study  was  to  determine  if  autophagy 
is  activated  in  cells  following  exposure  to  nsPEF.  We  demonstrate 
activation  of  autophagy  following  exposure  to  50  or  100  pulses  of  10 
nsPEF  (150  kv/cm)  in  two  cell  lines.  Under  these  exposure  condi¬ 
tions  we  see  increased  early  (beclin),  middle  (Atg5,  Atgl2),  and  late 
(Cyto-ID®,  p62,  LC3B)  stage  autophagy  markers,  suggesting  an 
active  and  complete  autophagic  process.  In  the  present  study,  we 
hypothesized  that  autophagy  was  activated  due  to  nsPEF-induced 
cellular  damage.  While  the  degree  of  plasma  membrane  damage 
induced  by  prolonged  nsPEF  exposure  would  be  sufficient  to  acti¬ 
vate  repair  mechanisms,  it  is  possible  that  other  effects  of  nsPEF 
exposure,  such  as  reactive  oxygen  species  generation,  could  activate 
autophagic  machinery  [23,24].  Additionally,  nsPEF  could  damage 
lysosomes,  rendering  them  unable  to  degrade  material  marked  for 
autophagic  repair.  In  support  of  this  hypothesis,  previous  studies  in 
our  laboratory  show  disruption  of  lysosomal  pathways  following 
nsPEF  [25].  Therefore,  a  large  quantity  of  damaged  cellular  material 
and  a  reduced  capacity  of  the  lysosomes  to  recycle  them  could 
contribute  to  a  switch  to  cell  death  mechanistic  events  as  nsPEF 
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